Masouleh is one of the ancient cities located in a high mountainous area in Gilan province of northern Iran. The region is threatened by a hazardous landslide, which was last activated in 1998, causing 32 dead and 45 injured. Significant temporal decorrelation caused by dense vegetation coverage within the landslide area makes the use of Synthetic Aperture Radar Interferometry (InSAR) for monitoring landslide movement very challenging. In this paper, we investigate the capability of three InSAR time-series techniques for evaluating creep motion on Masouleh landslide. The techniques are Persistent Scatterer Interferometry (PSI), Small BAseline Subset (SBAS) and SqueeSAR. The analysis is done using a dataset of 33 TerraSAR-X images in SpotLight (SL) mode covering a period of 15 months between June 2015 and September 2016. Results show the distinguished capability of SqueeSAR method in comparison to 2 other techniques for assessing landslide movement. The final number of scatterers in the landslide body detected by PSI and SBAS are about 70 and 120 respectively while this increases to about 345 in SqueeSAR. The coherence of interferograms improved by about 37% for SqueeSAR as compared to SBAS. The same rate of displacement was observed in those regions where all the methods were able to detect scatterers. Maximum rates of displacement detected by SqueeSAR technique in the northern edge, older and younger part of the landslide body are about -39, -65 and -22 mm/y, respectively.
INTRODUCTION
Landslide is one of the forms of erosion processes which mainly occurs in steep slopes due to various triggering factors (Cruden and Varnes, 1996; Hungr et al., 2001 ). The mass wasting that occurs in landslide regions threatens many lives and properties. Therefore, early monitoring and detection of active movement of landslide is of great interest for governments and decision makers (Wang et al., 2013) . The rapid development of space technology over the last 3 decades has allowed us to use the microwave remote sensing technique of Synthetic Aperture Radar Interferometry (InSAR) as an efficient and powerful geodetic method for measuring surface motion over wide areas (thousands of kilometres). Artifacts arising from atmospheric noise and temporal and spatial baseline decorrelations are a limiting factor for assessing slow and transient creep motion in landslide regions (Akbarimehr et al., 2013; Haghshenas Haghighi and Motagh, 2016; Motagh et al., 2013; Tong and Schmidt, 2016; Wasowski and Bovenga, 2014) . Recent developments in Multi Temporal InSAR (MTI) algorithms and sensor technology has enhanced our capability to monitor slow moving landslides with millimetric precision (Colesanti et al., 2003; Ferretti et al., 2001; Werner et al., 2003) . Permanent/Persistent Scatterer Interferometry (PSI) (Ferretti et al., 2000; Hooper et al., 2004; Werner et al., 2003; Crosetto et al., 2016) and Small BAseline Subset (SBAS) (Berardino et al., 2002; Lanari et al., 2004) techniques identify coherent targets with phase stability over a specific observation period. Both techniques have been implemented in StaMPS software (Hooper and Zebker, 2007; Hooper, 2008) . PSI technique is based on single master interferograms and uses an approach based either amplitude (Ferretti et al., 2001 (Ferretti et al., , 2000 and/or phase criterion (Hooper et al., 2004) for permanent/persistent scatterer (PS) selection, but it does not work efficiently for natural targets and/or when coherence is low due to temporal and spatial decorrelations, leading to low PS density. SBAS technique is based on multiple-master interferograms and works with interferograms with small spatial baselines and short temporal baselines to overcome decorrelations and increase temporal and spatial sampling. This method was first based on a coherence criterion (Berardino et al., 2002; Usai, 2003) and then improved by using phase characteristics for PS selection which is suitable in areas covered with natural targets (Hooper and Zebker, 2007; Hooper, 2008) . Both PSI and SBAS techniques work best in urban areas because of the high density of man-made objects, which increase the likelihood of finding coherent pixels in a stack of SAR data over time. Natural targets, which are the case for landslide and are usually located in non-urban areas, characterized by scarce vegetation, show typically low coherence values (Ferretti et al., 2011; Lu et al., 2012; Tofani et al., 2013 , Motagh et al., 2017 . These areas are known as distributed targets and are more efficiently assessed through SqueeSAR technique (Ferretti et al., 2011) . SqueeSAR technique improves the density of selected targets for interferometric processing and increases the interferometric ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume IV-1/W1, 2017 ISPRS Hannover Workshop: HRIGI 17 -CMRT 17 -ISA 17 -EuroCOW 17, 6-9 June 2017, Hannover, Germany coherence based on statistical approaches (Ferretti et al., 2011) . On the other hand, the advancements in the new generation of X-band sensors such as TerraSAR-X and CosmoSkyMed with high spatiotemporal resolutions, has enabled us to assess the small deformation features in landslide areas in great details (Notti et al., 2010; Motagh et al., 2013) . In this paper, we study the capability of the three processing algorithms including PSI, SBAS and SqueeSAR to evaluate landslide movements in Masouleh, located in Gilan province of northern Iran. To this end, we use 33 TerraSAR-X images in SpotLight (SL) mode spanning June 2015 to September 2016. 
STUDY AREA AND DATASAT
Masouleh is an ancient and tourist city in Gilan province of northern Iran, 60 kilometres west of the Rasht, Capital city of Gilan province. The city lies in the crossing of two rivers named Khalildasht and Doulichal, which are merged to the Masouleh Roudkhan River at the entrance of the city. 40 percent of the whole Khalildasht sub-basin consists of unstable areas and therefore mass movement appears in different forms of fall, slip and flow. Geological units of Masouleh Roudkhan watershed basin consist of Palaeozoic metamorphic rocks and sedimentary rocks of Jurassic and Cretaceous (Mesozoic). The basement of the city is located on the phyllite and slate rocks. Except for the elevated part of the city, which is mainly damaged pasture, other areas are covered by Forest and pasture. Figure 1 (a) shows the landslide body with the main and secondary scarps illustrated with different colours. Masouleh landslide has three main sections named as (based on distribution of scarps and structural discontinuity): younger part (yellow polygon in Figure 1 (a)), older part (gray polygon in Figure 1 (a)) and northern edge segment (brown polygon in Figure 1 (a)). The most recent survey and field observations show that the most active part of the landslide is situated in the lower part of the slope, depicted with a red polygon in Figure 1 (c).
We analyzed 33 synthetic aperture radar (SAR) data from German TerraSAR-X mission in SpotLight imaging mode from June 2015 to September 2016. The data was acquired in an ascending geometry with a scene centre incidence angle of 22°. SpotLight imaging mode of synthetic aperture radar data is obtained through azimuth steering angle extension which leads to an enhancement in geometric resolution (Werninghaus and Buckreuss, 2010) . This enhancement provides the ability of smaller scatterer detection that is highly advantageous for assessing deformation in small areas such as landslide regions and engineering infrastructures (Iglesias et al., 2012; Mittermayer et al., 2014; Emadali et al., 2017) . In addition, a pair of TanDEM-X bistatic images in StripMap imaging mode with a scene centre incidence angle of 41° and spatial baseline of about 103m was used to generate an external digital elevation model for InSAR time-series analysis. 
DATA PROCESSING AND METHODS
We used 32 single master interferograms for PSI analysis and generated 121 interferograms for SBAS technique. All interferometric processing was implemented using DORIS software with topographic phase being removed using a TanDEM-X DEM generated from a pair of bistatic images acquired on 31 st of August, 2014. Both PSI and SBAS processing were then implemented using the StaMPS method (Hooper and Zebker, 2007; Hooper, 2008) . All interferograms in PSI method were referenced to the image acquired on 1 st of December, 2016, while for the SBAS all interferograms with perpendicular and temporal values less than 500 m and 100 days, respectively were generated. Figure 2 shows the baseline-time plot of the SBAS dataset. For the SqueeSAR method we developed our own program based on Ferretti et al. (2011) paper. This method is based on 3 steps. In the first step, siblings with the same statistics known as statistically homogeneous pixels (SHP) are detected for each image pixel in a predefined window size. The window size was selected as 15 15  in our work that is approximately 225 m 2 . Pixels with less than 20 SHPs were excluded from the processing in order to preserve persistent scatterers (Ferretti et al., 2011) . The remaining pixels are named as distributed scatterers (DS). In the second step, phase optimization is applied to each DS using its SHPs and based on BFGS (Broyden-Fletcher-Goldfarb-Shanno) nonlinear optimization algorithm (Fletcher, 1987) . Finally a coherence index is computed for each DS with the optimized phase values and pixels with coherence greater than 0.2 are selected as final DS targets. More information on the algorithm can be found on Ferretti et al., (2011) . Our program works on the cropped and resampled single look complex (SLC) images and replaces the old phase values with the optimized ones. We then implemented SBAS analysis on the interferograms generated using the new images with optimized phase values. The velocity obtained through InSAR time series analysis is in the Line-Of-Sight (LOS) direction from satellite to the ground. In order to have a better insight into the mass movement behaviour, displacement values were projected on to the slope direction using the following equations (Cascini et al., 2010; Schlögel et al., 2015 
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Where  is the incidence angle with respect to the flat earth, Figure 3 illustrates the improvement in the quality of interferograms generated using SBAS and SqueeSAR method. Figure 4 shows the slope displacement map corresponding to the three processing methods mentioned above. As expected, SqueeSAR method has detected more jointly permanent and distributed scatterers (3600) for the whole area as compared to permanent scatterers detected by PSI (770) and SBAS (1560). The number of scatterers detected in each of the three landslide regions is shown in Table 1 . The total number of scatterers detected in the landslide body improved from 70 and 120 for PSI and SBAS methods respectively to 345 for SqueeSAR method. Therefore, the density of scatterers and detectability of the activation zones has greatly improved with SqueeSAR, which is particularly evident in the older part of the landslide. Maximum rate of slope displacement detected by SqueeSAR in the younger part of the landslide is about -22 mm/y, while it is about -65 and -39 mm/y in the older and northern edge of the landslide respectively. PSI has only detected a few pixels in the upper part of the slope in this region (gray polygon in Figure 1 and Figure 4 ) and as a result cannot identify any activity in this region. SBAS has performed better than PSI and has retrieved some information both on the upper part of the old segment and the middle part of the slope, on the boundary between younger and northern edge segment. The terrace area depicted with a red polygon in Figure 1 (c) and Figure 3 at the lowest part of the slope in the younger region of the landslide, is the most active part of the slides based on field observations. We had 3 campaigns of GPS observations on the slope (results not shown here) that show downslope movements by as much as about 72 cm/y in this region. Radar observations from TerraSAR-X is seriously affected by decorrelation caused by aliasing due to big movement in this area and as a result none of the methods were able to select persistent or distributed scatterers. It is worth noting that the same rate of displacement was observed in those regions where all the methods were able to detect scatterers. Displacement velocity for an exemplary point B (shown in Figure 4 (b)) selected in upper part of the older landslide region, where all methods detected enough scatterers, is investigated to show the consistency of different results in coherent regions. Displacement value is obtained through averaging in an area with 16m diameter. Time series of slope motion for point B is plotted in Figure 5 . All three methods detected slope displacement velocity of about -19 mm/y.
RESULTS AND DISCUSSION
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To better evaluate the landslide behaviour we extracted slope motion along a profile which starts from the upper parts of the older landslide and continues to the activated zone of the northern edge part of landslide. The solid black line in Figure  4 (a) shows the footprint of the profile (AA'). Mean slope displacement plotted for the three investigated methods is shown in Figure 6 . The profile AA' and the velocity map in Figure 4 , show how the increased number of detected targets in SqueeSAR, can help us better interpret the complex kinematics of the landslide. We observe that the upper zone of the slide in older part is active and is moving at an average rate of -14 mm/y (average of all pixels in that region along AA'). The motion, however, is not uniform and starts from approx. -5 mm/y in the start of the profile to a maximum of -35 mm/y at 293 m from point A. Another active zone that is situated between 463 and 580 m from point A, illustrates the northern edge part of the landslide, which is moving at an average rate of -20 mm/y. The rest of the profile from 600m to the end shows the urban area with an average rate of displacement values about zero. .
CONCLUSIONS
In this paper, spatial and temporal pattern of creep motion at Masouleh landslide were assessed using 3 InSAR time series methods including PSI, SBAS and SqueeSAR. Our experience over the efficiency of these techniques showed that, in our case study which is located in a non-urban environment, SqueeSAR was more efficient for evaluating landslide kinematics. The number of scatterers detected by SqueeSAR improved by about 3.7 times in comparison to PSI and by about 2 times in comparison to SBAS in the landslide region. Natural distributed targets show lower temporal coherence due to spatial and/or temporal decorrelations which do not exceed the threshold for PS selection. This results in few numbers of permanent scatterers that cannot capture the pattern of landslide motion reliably. SqueeSAR makes change to phase values over distributed targets and improves the coherence. Therefore we observe a meaningful increase in the density of selected targets and therefore a better evaluation of the complex behaviour of the landslide. Our results show that Masouleh landslide is active and creeping. The rate of creeping, however, is not uniform. In the older part of the landslide, the upper zone moves at an average rate of -11 mm/y while the lower zone moves at an average rate of -26 mm/y. The northern edge of the landslide also moves at an average rate of -20 mm/y. However, none of InSAR methods were able to detect any reliable pixels for assessing the movement of younger part and in particular the most active area in the terrace region due to loss of coherence. As a result, the combination of the ground-based geodetic techniques such as GPS measurements and InSAR time series analysis can complement each other and help us benefit from advantages of each method for monitoring applications. Moreover, InSAR time series results can only detect the displacement in a single direction, which is line-of-sight from satellite to the ground. In this regard, future works will focus on the comparison between the results obtained through InSAR time series analysis and GPS observations to investigate 3 dimensional movement pattern of the landslide.
